Three-dimensional transient responses of porous media under moving surface impulses of finite frequency components are theoretically studied. We discuss three free-surface stiffness conditions, such as fully permeable-'open pore', fully impermeable-'closed pore', and partially permeable boundaries, that are not explicitly discussed before. The transient responses of the solid vertical displacement and the pore fluid pressure triggered by the moving impulses on the surface are particularly investigated in different typical surface stiffness, moving impulse velocities, material permeabilities and impulse peak frequencies. It is concluded that the R1 surface wave carries the strongest energy as that for stationary source configurations. Moreover, it is more sensitive to surface stiffness condition than body waves represented in the responses of the corresponding wave forms of obvious different amplitudes and arrival time. Furthermore, the apparent velocity of the moving impulse pointing toward the fixed receiver may cause 'blue shift' in frequency. The higher velocity triggers more obvious frequency shift. For the moving impulse of low peak frequency, this shift becomes much serious. The lateral velocity of the moving impulse to the receiver may also twist the received wave forms, especially for the impulse of low peak frequency.
Introduction
The transient dynamic responses of soil media under moving surface impulses are of significance for civil engineering, geotechnique and earthquake engineering, etc. Propagating waves are usually measured to reflect the transient responses of the media. For most engineering cases under stationary sources, the time and spectrum responses of waves may characterize the dynamic characteristics of the rocks subsurface. For some soft foundations, however, the surface waves propagate at pretty low velocities. Therefore, the moving velocities of the source impulse have to be considered in order to obtain the transient responses to represent the ground truth.
Vibrated responses were first noted by Sneddon (1951 Sneddon ( , 1952 , who discussed a line steady load at a subsonic velocity moving on the surface of an elastic medium, and obtained the 2D solutions by using integral transform method. This problem was extended by Eason (1965) into 3D elastic half-space. He derived the general solutions of the responses by using double Fourier transformations. Payton (1967) considered the transient responses of a line load applied suddenly and then moving with a constant velocity, and analyzed the acceleration process of the source in the solutions. Apsel (1979) and de Barros and Luco (1994) developed a theory of dealing with multilayered viscoelastic half-space. Lefeuve-Mesgouez et al. (2000 , 2002 investigated the transmission of the vibrations on the surface of 2D and 3D elastic soils, under the vertical harmonic strip and rectangular loads moving at highvelocities. These achievements refer to the dynamic responses of single phase media under moving impulses.
However, the solids near surface are filled with fluids due to general hydrogeological conditions. The interaction between a moving impulse and the porous media attracted plenty of attentions. Based on the Biot theory of fluid saturated porous media (Biot, 1956 (Biot, , 1962 , Burke and Kingsbury (1984) presented an analytical solution of poroelastic material responses under the traveling surface pressure. Siddharthan et al. (1993) analyzed the dynamic responses of a layered poroelastic half-space under a moving load in the plane strain case. They approximated the solutions of Biot's wave equations by neglecting the solid and fluid coupling. Jin et al. (2004) obtained a semi-analytical expression of 2D half-plane porous media under a surface steady moving line load. Theodorakopoulos and his coworkers (2003, 2004) studied the responses of a poroelastic half-plane soil medium under moving line loads by analytical and approximated numerical methods. Lu and Jeng (2007) firstly derived the 3D porous medium responses under constantly moving point loads. Xu et al. (2008) extended these solutions to the layered porous media. Cai et al. (2007 Cai et al. ( , 2008 studied the 3D saturated poroelastic medium steady responses, assuming the solid incompressible, under a finite rectangular load, and simulated the case of rail track system on the surface. Cao and Boström (2013) studied the accelerating and decelerating moving trains loading on a poroelastic half space. Mesgouez (2008, 2012) studied the ground vibration transmission due to a high-velocity moving harmonic rectangular load on a poroviscoelastic homogeneous and multilayered half-space by wave-mode analysis. Li et al. (2012) analyzed several approximated formulations of porous media in wavenumber domain for modeling the responses of a poroelastic half-space under a moving harmonic point load. Beskou and Theodorakopoulos (2011) comprehensively reviewed the moving load problems. Although many problems involving in the responses of porous media under moving loads have been considered, to the best of our knowledge, the studies dealing with the transient responses of porous media under a moving impulse of finite frequency components are rather limited. Especially, lack discussions on the different surface stiffness conditions, which are often encountered in pavement maintenance engineering, make the thorough investigation on dynamic response of porous media has still to be suggested.
In the present work, we analyze the near surface transient responses in space domain under the moving surface impulses. We classify surface stiffness conditions into three types, fully drained permeable, fully undrained impermeable and partially permeable free surface boundary conditions (Deresiewicz and Skalak, 1963; Bourbié et al., 1987) . In most engineering cases, the different surface stiffness can represent different surface conditions for fluid drainage, such as the loose overlap, the bituminous pavement and the general conditions between the two extreme conditions. In fact, partially permeable conditions are more often encountered, since all fluids in subsurface pores are not fully drained or fully plugged simultaneously on the surface. Unfortunately, the partially permeable boundary has not been explicitly analyzed. Focusing on this issue, we firstly introduce the formalism of a fluid-saturated Biot's model to analyze the expressions of 3D transient responses. Then the transient solutions for different free surface stiffness conditions will be derived. The partial differential wave equations corresponding to these three possible surfaces are solved in frequency-wavenumber domain. The extended PTAM (Peak and Trough Average Method, Zhang et al., 2003) method is employed in 2D wavenumber domain to handle the oscillatory inverse integrals, and inverse Fourier transform is implemented in the frequency domain. The numerical experiments of transient responses represented in solid displacements and the pore fluid pressures are conducted to show the modal characteristics of the wave propagation. The displacement and pressure responses in typical cases of material and moving impulse configurations are plotted to reflect their similarities and differences of the transient characteristics.
A fluid-saturated porous model
A framework of solid grains and a connected pore space filled entirely by fluid comprise the fluid-saturated porous medium. The volume ratio of the pore space is defined as porosity, /. Two displacement vectors, u and U, describe the motions of the multiphases of the solid and fluid, respectively. Usually, w ¼ /ðU À uÞ characterizes the relative fluid-solid displacement (Biot, 1962) . The stress tensor for porous media has a volume average effect of the solid frame and the pore fluid. For a general isotropic case, the equations governing the motion of porous media are written by Biot (1962) . 
respectively, where
l is the solid skeleton bulk modulus, K s and K f are the solid grain bulk modulus and fluid modulus, respectively. The parameter m is a mass-like coefficient in terms of m ¼ Cq f =/, and C denotes tortuosity. Berryman (1980) gives an estimated value of tortuosity as a function of porosity, C ¼ 
Generation of transient responses
We consider a three-dimensional configuration of the half space, z > 0 represents the porous media, shown in Fig. 1a . Assuming the dynamic response in three-dimensional media, we introduce a Cartesian coordinate system ðx; y; zÞ. When deriving the general solutions of Eq. (1) in the Cartesian coordinate system, the displacement decompositions can be obtained in scalar and vector potentials, written by
where u 1 and u 2 are scalar potentials, and w 1 and w 2 are vector potentials of solid-and relative fluid-displacements.
By the displacement potential decompositions (see Appendix A), in the frequency-wavenumber domain, the general solutions of the displacements in solid frame are written by,
The relative displacements are written bŷ
and
where d i = e 2 À k pi e 1 , i = 1, 2 (see Appendix A). And the stress components in the porous media can be drawn from the constituent relations
where s ij denotes the stress in the solid, and p is the hydraulic pressure in pore space. The general solutions are written bŷ
With generality, we assume that a moving solid force impulse exerted on the surface with a constant velocity v along x axis with a time function FðtÞ (Fig. 1a) . And the time t is set to zero, when the impulse passes the location (0, 0, 0). On the surface interface z = 0 the solid stress should satisfy, s zz ðx; y; z; tÞj z¼0 ¼ ÀFðtÞdðx À vtÞdðyÞ;
s xz ðx; y; z; tÞj z¼0 ¼ 0;
where d is the Dirac delta. The boundary condition for the pore fluid on the free surface can be written by Deresiewicz and Skalak (1963) , Bourbié et al. (1987) and Zhang et al. (2011) @ t w 3 ðx; y; z; tÞj z¼0 À vpðx; y; z; tÞj z¼0 ¼ 0;
where v denotes the surface stiffness, which represents the drainage and surface tension of the pore fluid on the surface. When v ! 1, Eq. (9) becomes pðx; y; z; tÞj z¼0 ¼ 0, the pores on the free surface are drained, referred as an permeable 'open-pore' condition;
when v ¼ 0, Eq. (9) becomes @ t w 3 ðx; y; z; tÞj z¼0 ¼ 0, the pores on the free surface are undrained, referred as a sealed 'closed-pore' condition. Besides, the Eq. (9) represents an intermediate partially permeable state.
In the frequency-wavenumber domain, the free surface boundary conditions for solid skeleton frame can be givenbŷ
where FðxÞ represents the frequency response of FðtÞ, Fðx þ k x vÞ presents the x directional perturbation of the moving impulse on the original frequency spectrum FðxÞ. For the pore fluid 
Numerical results and discussion
In order to further analysis in the space domain, the inverse triple Fourier transform must be implemented. We useŜ to represent the solutions in the frequency-wavenumber domain for Eqs. (4), (5), and (7). The transient responses represented by the frequency dependent moving impulses FðxÞ aŝ
Ã ðk x ; k y ; z; xÞ; ð12Þ whereŜ Ã denotes the Green function spectrum for the solution in the frequency-wavenumber domain. And the space-time domain representation of Sðx; y; z; tÞ is written by Sðx;y; z; tÞ ¼ 1 2p
For a steady state of specific monochromatic spectrum of FðxÞ (FðtÞ harmonically varies with time), the integral of frequency can be reduced. However, for a finite continuous spectrum of FðxÞ, all the integrals must be implemented, which make the dynamic space-time solutions more unstable and unconvergent by the direct quadrature routine, DFT or DWM (Discrete Wavenumber Method, Bouchon, 2003) , especially for the receivers near the surface.
We extend the fast integral approach of PTAM (Peak Trough Average Method, Zhang et al., 2003) in numerical implements using two dimensional wavenumber transforms to obtain a fasten convergent solution.Firstly, we determine the critical wavenumber k c , beyond which the integration
becomes an oscillatory with a monotonically and smoothly decaying envelope. We choose an empirical value as
where v min is the minimum body-wave velocity of the medium. Because of the damping effects of solid and fluid coupling, all the poles and branch points of R i , i = 1, 2, 3 are complex. We do not need to introduce imaginary x to depress the influence of fictitious source and structures as mentioned in Zhang et al. (2003) . Second, we determine the raw peaks and troughs of the curve of
q greater than k c by the following simple screening process as the integral evaluation continues. As k x and k y increase simultaneously with a fixed step-size Dk, Dk ¼ 2p=L in DWM, where L is space sampling (see Bouchon, 2003) . In this research, we choose L ¼ 4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi x 2 þ y 2 p , four times of the offset to the O of the coordinate system, which can meet the accuracy. We record every three successive integral sampling point k N and corresponding S N , N = 1, 2, 3. If S 2 is greater or less than both S 1 and S 3 , then (k 2 ; S 2 ) is a rough location of a peak or trough. The accurate value of the peak or trough can be further refined as SðjÞ by a quadratic interpolation (see Zhang et al., 2003) , j is the counting number. If not, there is no peak or trough found in this interval. Regardless of this case, move forward one point and form a new three successive integral sampling points and integral values, then repeat the above screening procedure until enough peaks and troughs are found.Finally, we apply repeated averaging method (RAM, Dahlquist and Björck, 1974 ) to obtain the reduced sequence S i ðjÞ and the corresponding relative error sequence E i ðjÞ as
; i ¼ 1; 2; 3 . . . ; ð17Þ
and to evaluate the limit value of Eq. (16) whose limit is believed to equal the limit value of S k . We choose i max ¼ 10, j max ¼ 36 and threshold of E i equals 10 À9 . All the computations can converge to meet the accuracy of E i < 10 À9 , with i < 10 and j < 36.
By overcoming the oscillatory integration of wavenumber, the inverse Fourier transform for the frequency domain to the time domain can be implemented in stable by e.g. FFT.
Comparisons with known results
In this section, two special cases of our solutions are compared with some known results. The comparisons show a good agreement with the known results.
Comparison with the solution for a steady moving load on a porous half space
Our results will be compared with the results for a threedimensional porous half space subjected to a steady moving point force load under the open-pore surface condition (Lu and Jeng, 2007 . The dynamic responses of the receivers at the points with coordinates À2:0 m 6 x 0 6 2:0 m, and y ¼ z ¼ 1:0 m for different moving velocity are presented. Fig. 2a and b plot the vertical displacement, the pore pressure variation with the different places of x 0 for the three steady moving loads. The vertical displacement, and the pore pressure are normalized by u z ¼ u
R =F, where the reference l R ¼ 3:0 GPa, and a R ¼ 1:0 m, respectively. F is vertical force magnitude. In Fig. 2a and b, our results of u z ; p are in a very good agreement with those of Lu and Jeng (2007) .
Comparison with the solution for a stationary surface impulse on a porous half space
In this numerical experiment, our results will be compared with the dynamic response of a water saturated porous half space to a stationary surface impulse (Zhang et al., 2012) 
where f 0 is the peak frequency, and t 0 is the time shift. F 0 denotes the force magnitude of the impulse. And f 0 ¼ 35 Hz, and t 0 = 0.1 s. The magnitude F 0 = 100 N, and the receiver is set 375 m away on the surface. The material properties for our further analysis are listed in Table 1 which is a specific unconsolidated sand sample near a highway construction site. Unconsolidated sand of small shear modulus and high intrinsic permeability represents typical geological material in very shallow aquifers. The physical properties of the fluid correspond to the water under near surface conditions. The phase velocity and the loss angle of the body waves can be determined by the complex wavenumbers, as mentioned in Eqs. (A.4) and (A.5). We can obtain
where i denotes P1, P2 and S, and k i is the corresponding wavenumber. Q is the quality factor of the wave in the medium. The phase velocity and loss angle of the Rayleigh waves can be also determined by the Rayleigh wave dominators (Eqs. (B.2), (B.4), and (B.6)). For impermeable and partially permeable surface, more than one type of surface wave mode exists (Zhang et al., 2011 (Zhang et al., , 2012 , named as R1 and R2 wave, respectively. However, the P2-wave like R2 wave propagates with a very low coupling damping coefficient b 0 , otherwise it diffuses and cannot be easily observed (Zhang et al., 2012) . Therefore, the contribution of R2 wave to the near surface responses may be neglected. Fig. 4a and b show the velocities and the loss angles of P1, P2, and S waves vary with frequency. Both figures are plotted in semi-logarithm frequency coordinate. The critical frequency of f c ¼ 638:5 Hz separates the different flow physical properties into viscous fluid of low frequencies, and inertial force dominated fluid of high frequencies. As shown in Fig. 4a and b, all the waves behave dispersion features at a portion of velocities and attenuations. The P2 wave diffuses at low frequencies, because of the extreme low phase velocities and high loss at low frequencies (Fig. 4b) . At zero frequency, the porous medium is like an effective elastic medium, such as the case of Gassmann effective medium with only propagating P1 and S waves existing. In this case, P1 wave and S wave are non-loss and their velocities are V p0 ¼ 1591 m=s and V s0 ¼ 177 m=s, respectively, and the P2 wave is not propagating (see Table 2 ), therefore, the effective medium can be regarded to bear a high Poisson's ratio. The corresponding non-dispersive R1 wave velocity of the medium is V R10 ¼ 169 m=s. When the moving impulse is acted on the surface, the transient responses will be perturbed by the movement. For a source-receiver system, the receiver is fixed at the coordinates (x, y, z). The moving impulse is selected as a time dependent Ricker function of Eq. (18).
For most geophysical detections, the frequency band is a range of 0-200 Hz. We choose an impulse wavelet of time shift 0.05 s. The magnitude F 0 = 100 N, and the receiver is set at Cartesian coordinates (30 m, 30 m, 1 m) for an actual geophysical observation layout (Fig. 1b) . We compute the transient wave-field responses near free surface under different surface stiffness conditions. Table 2 . Other modal parameters are taken from Table 1 . Three velocities of the moving impulse are considered to cover the branch points of the wave dominators R i , i = 1, 2, 3. The time window is set to be 0.4 s, where the P2 and R2 waves cannot be observed in these time-space records.
Doppler effects on near surface responses
In Fig. 5, P1 and R1 waves, marked by 'P1' and 'R1' over the corresponding wave forms can be identified. The direct S waves are sheltered by R1 waves completely and cannot to be observed easily. The interface non-geometric converted waves, P1S and P1P2, marked by 'P1S' and 'P1P2' over the corresponding wave forms, between the P1 and R1 waves, can be identified. These types of waves come from the inhomogeneous wave conversion at the interface in high Poisson's ratio solid (Roth and Holliger, 2000) . The exact characteristics of these wave phases in the porous media need to be further analyzed. The P1S wave affects the pore fluid pressure, because the longitudinal decompositions impact on SV polarizations. The R1 waves possess dominant energy for all the vibrations near surface. Among these strong energy responses of the solid vertical displacement, the R1 wave under the partially permeable condition is of the strong amplitude. Under open-pore condition, it has the weakest amplitude. For the pore fluid pressure, the situations are exactly opposite. Nevertheless, body waves are not as sensitive to the surface stiffness conditions as surface waves. It is notable that they propagate in the nearly same wave forms for the three surface cases.
When the moving impulse velocity increases, all the waves arrive earlier. Fig. 6 shows the difference of the arrival time at impulse moving velocity v ¼ 169 m=s in relation to v ¼ 40 m=s. Notably, when the impulse velocity approaches the phase velocity of R1 wave v ¼ 169 m=s, P1P2 wave cannot Table 2 Velocity changes due to frequency for the porous medium. be observed. The shortening of the arrival time may cause larger amplitude of wave forms. Meanwhile, the R1 waves become narrower in wave forms. This implies that the waves propagate with higher frequency components. For this source and receiver configuration, the apparent velocity vector of the moving impulse is seen to point towards the receiver (Fig. 1b) . All the frequency components move upwards as a 'blue shift' of Doppler effect. This effect is more obvious for v ¼ 200 m=s (Fig. 7) . The apparent velocity becomes greater when the impulse moves toward the receiver at higher velocities. This effect can be also observed in frequency spectra. mainly represents the obviously shift-up of the frequency band. While, the variations of the frequency spectra are usually supposed to be caused by the attenuation of the media (Carcione, 2007) . Our analysis demonstrates that the frequency components will change with the impulse velocities, especially for the surface wave responses. The wave forms are not distinctly twisted, because the period of the impulse wavelet is about T % 1=35 ¼ 0:029 s, even for v ¼ 200 m=s, the lateral movement (Fig. 1b) of the impulse is not enough to twist the wave forms, even for the low velocity surface wave (Fig. 7) .
In summary, from the comparative analysis of the near surface responses (Figs. 5-8 ) under three surface stiffness conditions, we obtain the following findings: (1) Under partially permeable surface condition of surface stiffness v ¼ 0:1 Pa À1 m=s, R1 wave has the largest amplitudes in solid vertical displacement, but has the smallest in the pore fluid pressure responses among the three surface formations. All the body wave forms are not obviously affected by the surface stiffness conditions. (2) For the moving impulse and the fixed receiver system, when the impulse velocity increases, all the received wave forms arrive earlier. The transient responses of the wave forms show 'blue shift' in frequency band. This shift becomes more obvious with higher impulse velocities.
Permeability effects on near surface responses
Material physical property must be considered for the wave responses. When a smaller permeability is applied, the coupling damp increases. As shown in Figs. 9-11, the material is of perme- Table 1 . The transient responses for all the waves are completely overlapped each other, no matter the arrival time and the amplitudes. It is therefore concluded that if material permeability reduces, the influence of the surface stiffness conditions on the responses of waves may reduce. The overlapping of the wave forms of all waves is similar to that for the stationary sources (Zhang et al., 2012) .
Impulse peak frequency effects on near surface responses
Impulse peak frequency is another factor to be considered for the transient responses. Figs. 15-17 show the solid vertical displacements and the pore fluid pressures under moving surface impulses of a low peak frequency (f 0 ¼ 5 Hz), and other parameters are unchanged listed in Table 1 . The corresponding body wave velocities are presented in Table 2 . Fig. 16 demonstrates that only P1 and R1 waves can be identified. The surface converted waves are covered by low frequency wavelets of P1 and R1 waves, and cannot be differentiated. The solid vertical displacements of R1 waves for the three surface stiffness conditions present the similar characteristics as those of f 0 ¼ 35 Hz, that is, the partially permeable surface generates the strongest amplitude. For the pore fluid pressure, the amplitudes and the phases under the three surface stiffness formulations present different tendencies. When the impulse velocity increases up to v ¼ 169 m=s, all the wave forms seem compressed, as well. For higher impulse velocity v ¼ 200 m=s, these phenomena become more remarkable, which also can be explained as the 'blue shift' for the frequencies. The 'blue shift' of Doppler effect shows greater effect for the low frequency impulses. The twisted wave forms, especially for the R1 waves, become distinct, not as that of f 0 ¼ 35 Hz, represented in the prolonged tails of the wavelets. In this 3D source-receiver system, the influence of the lateral impulse velocity related to the fixed receiver cannot be ignored. That is because for the low peak frequency impulse (f 0 ¼ 5 Hz), the impact time period is about 0.2 s (T % 1=5 ¼ 0:2 s). The lateral velocity causes obvious lateral movement during the wavelet impulse. Therefore, the wave-form twist becomes significant. While for the high peak frequency impulse, this effect can be ignored. For instance, the peak frequency of 35 Hz abovementioned, the short impact time period of T % 1=35 ¼ 0:029 s, even for v ¼ 200 m=s, the wave-form twist is too tiny to be noted. Therefore, for the low peak frequency and high velocity impulse, the 'blue shift' and lateral movement produce more significant effects on both transient responses of the solid vertical displacement and the pore fluid pressure.
Conclusions
The transient responses of the porous media are represented by the characteristics of the propagating waves under moving surface impulses. A comparative analysis is performed, for the fully drained open pore, the fully undrained closed pore, and the partially permeable, which are typical different surface stiffness formulations, for the loose overlap, the bituminous pavement and the typical conditions between the two extreme conditions. Especially, the solid vertical displacements and the pore fluid pressures measured at a fixed receiver are compared in detail in the different situations of moving impulse velocities, material permeabilities, and impulse peak frequencies. Following conclusions can be drawn from the numerical investigations:
(1) The surface wave responses are more sensitive to the surface stiffness conditions than the body waves. The decrement of material intrinsic permeability makes the surface stiffness effect on the near surface transient responses to be unconspicuous under the moving surface impulses. The moving impulse velocity does not alter these surface stiffness effects on the wave propagations. The amplitudes and the arrival time of the surface waves show complex variations as the material permeability changes. (2) On existence of the apparent velocity pointing towards the receiver of the moving impulses of finite-frequency components, the frequency components of the transient responses show 'blue shift' of Doppler effect. The higher velocities trigger more obvious 'blue shift'. Especially for the low peak frequency impulse, the 'blue shift' of Doppler effect becomes more remarkable in the transient responses in the time and frequency domains. (3) The lateral velocity of the moving impulses may also twist the wave forms of the transient responses. The impact depends on the time period of the impulse wavelet. The long period of the wavelet causes the large lateral movement of the impulse, which makes the wave forms twist obviously, represented in the prolonged wavelet tails. For the short time period, this twist cannot be definitely identified.
The proposed method of transient responses better characterizes the interaction of the porous media under moving surface impulses, and is useful for civil engineering, geotechnique and earthquake engineering. the real parts of the wavenumber k pi , i = 1, 2 should be positive; k p1 and k p2 correspond to the P1-wave and P2-wave, respectively, and Reðk p1 Þ 6 Reðk p2 Þ. Therefore, the amplitude ratiod i , i = 1, 2 for the compressional waves is defined as d i ¼ e 2 À k pi e 1 , i = 1, 2. k s is the frequency dependent complex valued wavenumber for shear -S-wave k s ¼ x q þ # 1 q f l 1 2 : ðA:5Þ
Appendix B
Substituting the general solutions of Eq. (7) into the boundary conditions of Eqs. (10), (11), the frequency-wavenumber dependent coefficients A 1 $ D 1 can be determined for possible free surface stiffness conditions.
For fully permeable drained surface (pðx; y; z; tÞj z¼0 ¼ 0), we obtain 
